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ABSTRACT OF THE THESIS 

 

Role of sulfidation in nanoscale zero-valent iron’s arsenic immobilization and ecotoxicity in soil 

by 

Ziwei Han 

Master of Science in Civil and Environmental Engineering 

University of California, Irvine, 2020 

Professor Adeyemi S. Adeleye, Chair 

 

Arsenic (As) is widely distributed in soil in the United States and around the world, highly toxic, and not 

efficiently remediated by existing traditional methods. Nanoscale zero-valent iron (nZVI)-based 

remediation is an emerging technology that has successfully been used to immobilize metals and metalloids 

due to nZVI’s high surface area and strong reducing ability. However, immobilization efficiency of nZVI 

decreases over time due to its oxidation under natural conditions. Modification of nZVI via sulfidation, to 

produce sulfide-modified nZVI (SnZVI), has been shown to overcome some of the shortcomings of nZVI. 

The main objective of this study was to compare the immobilization performance of nZVI and SnZVI for 

As in soil and determine if the toxicity of nZVI is influenced by sulfidation. The immobilization efficiency 

of nZVI and SnZVI (0.3, 1, and 5 wt.%) for As (50 ppm) in soil was monitored for 112 days under aerobic 

and anoxic conditions. The aerated soil also contained earthworms (Eisenia fetida) to evaluate the toxic 

impacts of the nanoparticles-based remediation. In general, SnZVI had a slower reaction kinetics, leading 

to lower As immobilization efficiency than nZVI after 7 days at 0.3 and 1% group. However, after 112 days, 
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sulfidation was found to inhibit the corrosion of nanoparticle under aerobic conditions and the 

immobilization efficiency was similar to that of nZVI at all nanoparticle dosage concentrations. Both 

nanoparticles were toxic to E. fetida, but SnZVI was remarkably less toxic than nZVI. This study 

demonstrates the potential of SnZVI for effective and sustainable remediation. 
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1. Introduction 

Arsenic (As) is a metalloid that is widely distributed in the natural environment, such as in dust 1, 

groundwater 2,3, and soil 4. In certain regions, high concentrations of As can be naturally introduced into the 

environment due to the geological formations 5. Also, anthropogenic activities such as batteries production 

6 and mining 7 are potential sources of As pollution. Similarly, feeds 8, pesticides 9, and herbicides 10 used 

in agriculture can cause massive amounts of As to enter the environment. According to a 2017 report by 

the United States Geological Survey (USGS), 10% of all surface soil (0-5 cm) in the United States (US) 

has 10 – 166 ppm of As contamination (Figure 1) 11. As in soil can accumulate in the food chain, leading 

to human exposures 12,13. As is highly toxic to humans, due to its carcinogenic, bioaccumulative, 14 and 

biomagnification 15 properties. Studies have shown that human exposure to 0.6 mg/kg/day inorganic As can 

cause acute lethality 16. To indicate the gravity of As contamination in the US, As topped the 2019 priority 

list of hazardous substances jointly published by the Agency for Toxic Substance and Disease Registry 

(ATSDR) and the US Environmental Protection Agency (EPA)17. 
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Figure 1. The concentration of As in the surface soil (0 – 5 cm) in the United States. Source: United States 

Geological Survey 11 

 

For unrestricted use soil, the US EPA recommends that As should not exceed 0.39 mg/kg (390 ppb) 18. The 

methods currently used to decrease bioavailable inorganic As in soil include bioremediation 19,20, soil acid-

wash 21, and adsorption/co-precipitation with particles 22. Soil acid-wash is simple but entails consumption 

of a large amount of acids and bases. More so, the method is not environment-friendly because acids and 

bases are toxic to organisms and may leach out beneficial ions from soil. Bioremediation of soil As is 

commonly performed using microorganisms and plants. Pseudomonas putida KT2440, a soil bacterium, 

can induce the conversion of inorganic As into less toxic organic As 19. Similarly, plants such as vetiver 

grasses, can adsorb As by releasing organic matter from their roots, or co-precipitate As by producing 

organic sulfides 20. The main disadvantage of bioremediation techniques is that it is not applicable to all 
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soil types, and it takes a long time. Materials, such as biochar 23, as well as some iron-containing particles 

(such as zero-valent iron 24 and goethite 25), can efficiently immobilize As in the soil through adsorption 

and/or co-precipitation. 

 

Nanotechnology methods, based on the use of nanoscale zero-valent iron (nZVI), are an emerging and 

viable option for in situ remediation of organic and inorganic pollutants, as demonstrated by several bench, 

pilot, and field studies 26–29. nZVI immobilizes heavy metals and metalloids due to its high surface area and 

strong reducing ability (standard reduction potential [E°] = -440 mV) 30,27,31. In water, nZVI has been 

effectively used to remove metals including copper (Cu) 32, cadmium (Cd) 33,34,35, chromium (Cr) 36, lead 

(Pb) 37, Zinc (Zn) 37, and As 32. In the natural environment, As is mostly present as arsenite As(V) and 

arsenate As(V) 38. Arsenic Speciation in Environmental Samples of Contaminated Soil. Previous 

studies have shown that As(V) is mainly adsorbed by nZVI. In addition, some As(V) may be reduced to 

As(III) or As0, both of which are then be adsorbed or co-precipitated with iron oxide on the surface of nZVI 

32,30 (Figure 2).  

 

 

Figure 2. The mechanisms of As immobilization by nZVI 
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However, the high reduction activity of nZVI makes it extremely susceptible to oxidation in the natural 

environment. More so, nZVI undergoes a side reaction with water (Eq. 1), which consumes the 

nanoparticles. Both of these reactions lead to the transformation of nZVI, which weakens its long term 

metal immobilization efficiency 39. Additionally, nZVI is toxic to organisms due to increase in iron 

( Fe2+/Fe3+) concentrations in the environment 40. Reactions of nZVI and its byproducts may also lead to 

production of reactive oxygen species (ROS), which induces oxidative stress on biological cells 41. nZVI 

particles are magnetic; hence, they agglomerate to micronscale sizes rapidly 42. The large size of the nZVI 

agglomerates limits their mobility, and thus application of nZVI for groundwater remediation 43. These 

weaknesses have slowed down the adoption of nZVI for pollution contamination in natural waters and soils. 

Fe0(𝑠) + 2H2O(𝑎𝑞) → Fe2+(𝑎𝑞) + H2(𝑔) + 2OH−(𝑎𝑞)                                                  (1) 

 

To improve the performance of nZVI, it has been modified by co-doping with metals to produce bimetallic 

nanoparticles, immobilization on activated carbon and other materials to decrease agglomeration, and 

sulfidation to produce sulfide-modified nZVI (SnZVI) 43. In particular, SnZVI possesses improved 

reactivity (relative to nZVI) for some pollutants 44, better colloidal and chemical stability 43,33, and superior 

electron transfer potential 36. Also, the FeS formed in SnZVI is an excellent co-precipitating agent for 

several metals and metalloids, including As 45,46. In addition, SnZVI is more hydrophobic than nZVI, 

decreasing the tendency to undergo side reactions with water 47. Studies have demonstrated that SnZVI has 

a higher immobilization efficiency than nZVI for Cd 33,34,35 and Cr 36 in aqueous solution. However, there 

is no study on the applicability of SnZVI for remediating As-contaminated water or soils. In addition, most 

laboratory studies on contaminant remediation do not consider the concomitant effect of the remediation 
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strategy on the ecosystem. This study was performed to test the hypothesize that SnZVI will perform better 

than nZVI in immobilizing As in soil due to SnZVI’s lower affinity for water, and SnZVI will exhibit lower 

toxicity to soil organisms than nZVI due to the higher chemical stability of SnZVI. 

 

In this thesis, nZVI was synthesized and modified via sulfidation to prepare SnZVI. Both nZVI and SnZVI 

were then applied for the remediation of As-contaminated soil in the presence of earthworms (Eisenia 

fetida). The applicability and implications of both nanotechnology-based methods for soil remediation were 

thereafter evaluated. The main objectives of this thesis were to (1) compare the long-term immobilization 

performance of nZVI and SnZVI for As(V) in soil; (2) determine if nanoremediation alleviated or 

exacerbated the toxic impact of As to a soil organism, E. fetida; and (3) explore the mechanism of As 

immobilization by the nanoparticles in order to optimize the technology for future field implementation.  
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2. Materials and Methods 

2.1. Nanoparticles synthesis and characterization 

Both nZVI and SnZVI were synthesized under nitrogen atmosphere using previously published methods 

and solutions were prepared with deoxygenated deionized (DI) water (18.2 MΩ.cm, Milli-Q Ultrapure 

Water Systems) 47. Briefly, to prepare nZVI and SnZVI, 270 mL of 1 M sodium borohydride (NaBH4; 

Acros Organics, Morris Plains, NJ) was mixed with 30 mL of 0 M and 0.021 M sodium dithionite (Na2S2O4; 

Millipore Sigma, Burlington, MA), respectively; and then titrated into 300 mL of 0.15 M ferric chloride 

(FeCl3; Alfa Aesar, Ward Hill, MA) at a flow rate of 10 mL/min to achieve a theoretical sulfur/iron (S/Fe) 

molar ratios of 0 (nZVI) or 0.28 (SnZVI). The mixture was continuously stirred at 600 rpm for 15 min. The 

nanoparticles were then separated from aqueous media using a Neodymium magnet and washed with 

deoxygenated DI water three times. Finally, the nanoparticles were dried using a vacuum oven (Napco, 

Model 5831, Scotia, NY), ground with a mortar, and stored under vacuum till use.  

 

A Magellan 400 scanning electron microscope (SEM, FEI, USA) was used to determine the size and 

morphology of the nanoparticles. The phase and crystal structure of nanoparticles were determined using 

an Ultima-III X-ray diffractometer (XRD; Rigaku, Japan). The Brunauer-Emmett-Teller (BET) surface area 

was determined using a Micromeritics 3Flex Surface Characterization Analyzer (Norcross, GA). 

Hydrodynamic size and zeta (ζ) potential of both nanoparticles were determined using a NanoBrook 90Plus 

(Brookhaven Instruments, Holtsville, NY), employing established methods 48. 
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2.2. Soil preparation and characterization 

Artificial soil was used for this study to reduce the confounding interactions of various components present 

in natural soils. The soil was prepared according to OECD 207 guideline 49 The soil was composed of 69% 

sand (Quikrete, Atlanta, GA), 10% peat moss (Miracle-Gro, Marysville, OH), 20% kaolin clay (Bulk 

Apothecary, Aurora, OH), and 1% calcium carbonate (CaCO3, Fisher Scientific, Hampton, NH) for pH 

adjustment. Moisture was maintained at 50-60% of the soil water holding capacity (WHC, which was 

determined following the method prescribed by OECD 207). The organic matter content of the soil was 

assessed according to the Loss-on-Ignition (LOI) method 50. In addition, the BET surface area of soil was 

determined using the Micromeritics 3Flex Surface Characterization Analyzer and the major  

 

2.3. Adsorption isotherm study 

According to the literature, one of the main mechanisms of As removal by nZVI is adsorption. In soil pore 

water, competitive adsorption for As will occur between soil and nZVI/SnZVI. Hence, adsorption isotherm 

experiments were performed in aqueous media to compare the affinity and capacity for As between the two 

nanoparticles and soil. For the adsorption study, 20 mL of solution containing 500 mg/L of the solid phase 

(that is, nZVI, SnZVI or soil) and 20, 40, 60, 80, 100 mg/L of As (from Na2HAsO4, Alfa Aesar) were 

shaken at 150 rpm and 20 ℃ for 150 min using a Versa-Bath S Model 224 (Fisher Scientific, Hampton, 

NH). Each treatment was set up in triplicates. At the end of 150 min, each mixture was passed through a 

0.22 μm PVDF filter (ChromPure, Auburn, WA) and the concentration of As and Fe in the filtrate was 

measured via inductively coupled plasma mass spectrometry (ICP-MS) using a Thermo iCAPRQ-C2 ICP-

MS (Waltham, MA). The ICP-MS was calibrated with a NIST-traceable standard obtained from Thermo 
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Scientific. The experimental results from the adsorption studies were analyzed using the following four 

adsorption isotherm models: 

 

2.3.1. Langmuir Isotherm 

Langmuir Isotherm is a monolayer adsorption model. As such, saturation is reached after adsorbates (As) 

fills the surface of the adsorbent. The maximum adsorption capacity can be obtained at saturation point/time. 

The linear form of the Langmuir model is shown in Eq. 2. 

1

𝑞𝑒
=

1

𝑞𝑚
+

1

𝐾𝐿𝑞𝑚

1

𝐶𝑒
                                                      (2) 

where qe and Ce are the adsorption capacity (mg/g) and concentration (mg/L) at equilibrium state. KL is 

Langmuir constant, which is related to adsorption energy, and qm is the maximum adsorption capacity 

(mg/g). The parameter, qe, is defined according to Eq. 3. 

𝑞𝑒 =
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 𝑎𝑡 𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 𝑠𝑡𝑎𝑡𝑒,   𝑚𝑔 

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡 𝑢𝑠𝑒𝑑,   𝑔
                                     (3) 

 

Also, a converted Langmuir isotherm (Eq. 4) is also commonly used to fit adsorption isotherm data. 

𝐶𝑒

𝑞𝑒
=

1

𝑞𝑚
𝐶𝑒 +

1

𝐾𝐿𝑞𝑚
                                                                    (4) 

 

2.3.2. Freundlich Isotherm 

The Freundlich Isotherm assumes that the adsorbates could be adsorbed on heterogeneous surfaces, which 

is suitable for monolayer and multi-layer adsorption. The linear form of the equation is shown in Eq. 5: 

(5) 

where KF is Freundlich constant, which is related to adsorption capacity, and n is an empirical value, which 

𝑙𝑜𝑔 𝑞𝑒 = l𝑜𝑔 𝐾𝐹 +
1

𝑛
𝑙𝑜𝑔 𝐶𝑒 
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is related to adsorption intensity. 

 

2.3.3. Temkin Isotherm 

The Temkin isotherm describes the linearly decreasing adsorption energy as the adsorbates cover the 

surface of the adsorbent. The linear form of the equation is shown in Eq. 6. 

(6) 

where KT is the Temkin constant (L/g), b is related to the heat of adsorption (J/mol), T is the temperature 

(K) and R is the gas constant (8.314 J/mol·K). 

 

2.3.4. Dubinin-Radushkevich (D-R) Isotherm 

The D-R isotherm assumes the pore filling mechanism for adsorption, and is typically applied for physical 

adsorption. The linear form of model is shown in Eq. 7: 

(7) 

where qd is the D-R constant (mg/g), β is related to free energy, and ε is the Polanyi potential. The Polanyi 

potential is defined by Eq. 8: 

(8) 

 

2.4. Soil remediation with nanoparticles 

2.4.1. As immobilization 

To test the hypothesis that sulfidation will increase the immobilization efficiency of nZVI for As in soil, 

we performed As immobilization studies in soil under aerobic and anoxic conditions. Soil was spiked with 

 𝑞𝑒 =
𝑅𝑇

𝑏
𝑙𝑛 𝐾𝑇 +

𝑅𝑇

𝑏
𝑙𝑛 𝐶𝑒  

ln 𝑞𝑒 = ln 𝑞𝑑 − 𝛽𝜀2 

𝜀 = 𝑅𝑇 𝑙𝑛 (1 +
1

𝐶𝑒
) 
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Na2HAsO4 stock solution to achieve a final concentration of 50 mg As/kg soil (ppm). This concentration 

falls in the range of soil As concentration in many places, including the US 51–53. The contaminated soil was 

allowed to equilibrate for one day, after which nZVI and SnZVI were mixed into the As spiked soil to 

achieve 0, 0.3, 1 and 5% (w/w; nanoparticle/soil). These nanoparticle concentrations were decided based 

on the effective concentrations reported by previous nZVI-based remediation bench and field studies 29,52. 

The treated soils were placed in a temperature-controlled room (20 ± 2℃) under 16-8 h light-dark cycle. 

Each treatment was setup in triplicates. A fraction of the soil was analyzed for leachable As on days 0 

(immediately after adding As), 7, 28, 56, and 112 after lyophilization (Labconco Freeezone 4.5, Kansas, 

MO). Leachable As was measured according to a previous study 54. Briefly, 2 g of lyophilized soil was 

mixed (150 rpm; Versa-Bath S Model 224 ) with 15 mL DI water at 20℃ for 2 h and then centrifuged (3000 

g, 15 min) using a Beckman J2-21 M/E (Indianapolis, IN). The supernatant was filtered (ChromPure 0.22 

μm PVDF filter) and diluted before As analysis using the iCAPRQ-C2 ICP-MS. The immobilization 

efficiency of each nanoparticle was determined using Eq. 9: 

𝐴𝑠 𝑖𝑚𝑚𝑜𝑏𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) = (
𝐹𝑖𝑛𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑙𝑒𝑎𝑐ℎ𝑎𝑏𝑙𝑒 𝐴𝑠

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐿𝑒𝑎𝑐ℎ𝑎𝑏𝑙𝑒 𝐴𝑠 𝑜𝑛 𝑑𝑎𝑦 0
) × 100%       (9) 

 

2.4.2. Modeling of As immobilization with artificial neural network (ANN) 

Although there are several adsorption studies, most of them were conducted in aqueous media and are 

related to kinetics or isotherms. Adsorption models, such as Langmuir isotherm or Freundlich isotherm, are 

helpful for gaining a deeper understanding of the mechanism of adsorption. However, in practical 

applications, the dosage of adsorbents (nanoparticles) is one of the most important parameters. Since there 

is no models for estimate the nanoparticle dosage needed to achieve a given contaminant immobilization, 
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this study relied on the emerging neural network technology to initially establish, evaluate and predict the 

performance of different nanoparticle dosages for future applications. 

 

In this study, four sets of immobilization efficiency data (the two nanoparticles (nZVI/SnZVI) at two 

timepoints, day 7 and 28) were individually input into MATLAB_R2018b Neural Net Fitting application. 

Each set of data was only used for predicting the result for one nanoparticle at one timepoint. Respectively, 

50%, 25%, and 25% of data was used for training, validation, and testing sections for machine learning. 

The Levenberg-Marquardt algorithm with two hidden layers was used for training. The output functions 

were accepted when the correlation coefficients of target and output were higher than 0.95 in training, 

validation, and testing. 

 

2.4.3. Mechanism of remediation via X-ray diffraction analysis 

To explore the mechanism of As remediation by nZVI and SnZVI, another batch of soil remediation study 

was set up under aerobic and anoxic conditions. In this study, however, the concentrations of nanoparticles 

and As were increased to 30% and 50 g As/kg-soil, respectively, to obtain sufficient signal for XRD analysis. 

The nanoparticle-treated As-contaminated soils were then placed in a temperature-controlled room (20 ± 

2℃) under 16-8 h light-dark cycle for 7 d before XRD analysis. Aliquots of the treated soils were 

lyophilized to stop the reactions, and then analyzed using the Ultima-III X-ray diffractometer after 

lyophilization the samples. 
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2.5. Environmental impact of nanoremediation 

2.5.1. Effect on soil pH 

Several soil organisms are sensitive to pH changes and can only survive within a narrow pH range 55. To 

understand how nZVI/SnZVI-based nanoremediation may influence the survival of pH-sensitive species, 

additional experiments were set up similar to the immobilization efficiency study. As-contaminated soils 

were treated with nZVI or SnZVI (0.3, 1, and 5%). Control treatment consisted of the same amount of soil 

but without As and nanoparticles. Soil pH was measured over time according to ISO-10390 method 56. In 

brief, about 5 g of soil was dried at room temperature for 12 h, and then mixed with 10 mL of 0.01 M CaCl2 

(Alfa Aesar) for 5 min using the Versa-Bath S Model 224. The mixture was allowed to stabilize for 2 h, 

after which the pH of the supernatant was measured using an Accumet AB200 pH meter (Fisher Scientific). 

 

2.5.2. Effect on soil organism 

To quantify the toxicity of As in soil environments, the survival of E. fetida (The Worm Farm, Durham, 

CA) in soil spiked with 0, 10, 40, 80, 150, and 300 ppm As was determined in a two-week study performed 

according to OECD guideline 207 49. The experimental data was used to determine the LC50 of As to E. 

fetida, using logistic model shown in Eq. 10: 

𝑀𝑜𝑟𝑡𝑎𝑙𝑖𝑡𝑦(%) =
𝐿

1+𝑒−𝑘(𝑡−𝑡0)                                                           (10) 

where t is the time (week); t0 is the t value at the sigmoid plot’s midpoint; L is the maximum mortality; and 

k is the logistic growth rate. 

 

To test the hypothesis that sulfidation will decrease the toxicity of nZVI in soil environments, additional 
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tests were performed in the presence of As only (50 ppm), nanoparticles only (0.3% and 1% nZVI or SnZVI), 

and combinations of As and nanoparticles. Preliminary studies showed that the highest concentration of 

nanoparticles used for immobilization (5%) was extremely toxic and it was not used for this study. For each 

treatment, 10 adult earthworms (300-600 mg each, with clitellum) were introduced into the As-

contaminated soil (500 g), with or without 0.3 and 1% of nanoparticles. Control treatments contained 

neither As nor nanoparticles. The experiment was carried out in triplicates at 20 ± 2℃ under 16/8 h light-

dark cycles. The soil WHC was maintained at 50 - 60% throughout the study. The survival (calculated using 

Eq. 11) of earthworms was determined every 7 d for 28 d (as recommended by the OECD guideline). The 

average weight of live earthworms in each treatment was measured at the end of the toxicity study (day 28). 

𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙 (%) =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑖𝑣𝑒 𝑒𝑎𝑟𝑡ℎ𝑤𝑜𝑟𝑚𝑠

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑎𝑟𝑡ℎ𝑤𝑜𝑟𝑚𝑠
× 100%                                      (11) 

 

2.5.3. Effect of pH on earthworm survival 

We observed substantial increase in soil pH during the toxicity tests performed in the presence of nZVI and 

SnZVI. To determine if the pH increase explains some of this toxicity observed in the presence of the 

nanoparticles, pH-control toxicity tests were performed in the absence of As and nanoparticles. Like the 

toxicity experiments, 10 adult earthworms (300-600 mg each, with clitellum) were introduced into the 500 

g of uncontaminated soil with pH 6, 7, 8, and 9. The survival of earthworms was determined every 7 d for 

28 d, and the average weight of live earthworms was measured on day 28. 

 

2.6. As bioaccumulation by E. fetida 

In addition to the toxicity endpoint prescribed by OECD 207 (that is, survival), As bioaccumulation by E. 
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fetida, kept in As contaminated soil with and without nZVI/SnZVI for 28 d, was determined at the end of 

the toxicity experiments. Only live worms were used for metal bioaccumulation assays. The earthworms 

were placed on moist filter paper for 24 h to void their gut contents. To measure tissue As content, 0.1 g of 

dried, pulverized earthworm was digested with 2 mL of trace-metal grade HNO3 (Fisher Scientific), using 

a temperature sequence of 80 ℃ for 2 h, and then 135 ℃ for 1 h 57. The digestate was cooled down, passed 

through a 0.22 μm PVDF filter, diluted with DI water, and analyzed via ICP-MS. Bioaccumulation factor 

(BAF) for the worms was calculated using Eq. 12. 

𝐵𝐴𝐹 =
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐴𝑠 𝑖𝑛 𝑒𝑎𝑟𝑡ℎ𝑤𝑜𝑟𝑚𝑠

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐴𝑠 𝑖𝑛 𝑠𝑜𝑖𝑙
                                                  (12) 

 

2.7. Data and statistical analysis 

Experimental data were tested for normality using the Shapiro-Wilk method and significance using two-

way Analysis of Variance (ANOVA) followed by two-sample Tukey’s test (SPSS Statistics version 25.0). 

Normality was accepted when p > 0.05. A statistically significant difference for ANOVA and post hoc tests 

was defined as p ≤ 0.05. 
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3. Results and Discussions 

3.1. Nanoparticles characterization 

The major characterization of nZVI and SnZVI were summarized in Table 1. Both nZVI and SnZVI were 

negatively charged at pH 7, based on the zeta (ζ) potential values of -25.05 mV (for nZVI) and -15.81 mV 

(for SnZVI) determined via electrophoretic light scattering analysis. These ζ potential values are well below 

the threshold of colloidal stability (± 30 mV) 58, suggesting that the nanoparticles would agglomerate at pH 

7. The hydrodynamic diameter, measured via dynamic light scattering method, showed that the 

agglomerates formed by nZVI (280.6 nm) are slightly smaller than those formed by SnZVI (286.5 nm).  

 

 

Figure 3. The number-based hydrodynamic size distribution of (a) nZVI and (b) SnZVI in water at pH 7 

 

The XRD diffractograms of nZVI and SnZVI are shown in Figure 4. The characteristics peaks of zerovalent 
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iron (Fe0) at 2θ = 45° and 83° were observed in the freshly synthesized nZVI and SnZVI. In addition to Fe0, 

other chemical phases of Fe were observed in both nanoparticles, namely, Fe3O4 (at 2θ = 31° and 48°) and 

FeS (at 2θ = 65°), observed in nZVI and SnZVI, respectively. The presence of Fe3O4 in nZVI is common, 

due to the core-shell structure of the nanoparticle, with the iron oxide shell surrounding the core of Fe0. The 

XRD data confirms the expected chemical composition of both nanoparticles, and shows that SnZVI is less 

prone (than nZVI) to oxidation in ambient conditions. 

 

  

Figure 4. XRD diffractograms of (a) nZVI and (b) SnZVI 

 

The mean specific surface area of nZVI (118.77 m2/g) was much higher than that of SnZVI (41.39 m2/g). 

Additionally, the average pore size of nZVI and SnZVI were measured to be 9.02 and 9.75 nm, respectively; 

while the total pore volume of nZVI and SnZVI were 0.56 and 0.22 cm3/g, respectively (Table 1). 

Sulfidation decreases the formation of oxides on the surface of nZVI, resulting in less pore volume. The 

drastic decrease in surface area upon sulfidation is likely due to increase in crystal/particle size as shown 
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by the peak size of the Fe0 phase in the XRD data. The lower surface area of SnZVI may result in decreased 

adsorption capacity and immobilization efficiency, compared to nZVI. 

 

Table 1. Major physicochemical properties of the nanoparticles used in this study 

Parameters 

Nanoparticles 

nZVI SnZVI 

Hydrodynamic diameter (nm) 280.62±9.21 286.53±2.84 

ζ potential (pH = 7, mV) -25.05±8.49 -15.51±9.30 

BET surface area (m2/g) 118.77 41.39 

Crystal phases Fe0 and Fe3O4 Fe0 and FeS 

Pore size (nm) 9.02 9.75 

Pore volume (cm3/g) 0.56 0.22 

 

3.2. Soil characterization 

The major properties of the soil used in this study are summarized in Table 2. The WHC, pH, and organic 

carbon values were within the range recommended in OECD 207 and other similar publications 52. 

Leachable As was not detected in the soil, which shows that the only source of As to the soil was through 

spiking. The surface area of the soil (5.30 m2/g) was much less than those of the nanoparticles (Table 1). 

Additionally, the pore size and pore volume of soil was measured to be 1.25 nm and 0.002 cm3/g, 

respectively. 
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Table 2. Properties of the OECD artificial soil used in this study 

Parameters Value 

WHC (%) 17.94±1.29 

Organic carbon (%) 2.45±0.24 

pH 7.07±0.03 

Leachable As (ppm) nd 

BET surface area (m2/g) 5.30 

Pore size (nm) 1.25 

Pore volume (cm3/g) 0.002 

nd = not detected 

 

3.3. Adsorption isotherm studies 

3.3.1. Langmuir isotherm 

The Langmuir isotherm describes monolayer adsorption of adsorbates to adsorbents. In Eq. 2, qm reflects 

the maximum adsorption capacity of the adsorbent, while KL and qm are used to predict if adsorption is 

favorable, by calculating the separation factor, RL, as shown in Eq. 13 59: 

𝑅𝐿 =
1

1+𝐾𝐿𝑞𝑚
                                                                       (13) 

 

Adsorption is considered favorable when 0 < RL < 1, linear if RL = 1, irreversible when RL = 0, and 

unfavorable when RL > 1. 
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Based on the regression coefficient values shown in Figure 5, the adsorption of As onto soil is better 

described by the regular Langmuir model (R2 = 0.9427) than the converted Langmuir model (R2 = 0.1854). 

However, the values obtained for qm and KL, after fitting the experimental data of As adsorption to soil, 

were for negative. This indicates that the Langmuir isotherm model was not suitable for describing the 

adsorption of As to soil. For the two nanoparticles, the regression coefficient values suggested that both 

Langmuir model and the converted Langmuir model were more suitable for describing the adsorption of 

As to SnZVI (R2 = 0.9624 and 0.9977, respectively) than nZVI (R2 = 0.8881 and 0.9470, respectively). 

Additionally, based on RL calculations (Table 3), the adsorption of As was favorable for both nZVI (RL = 

0.26) and SnZVI (RL = 0.22). On a mass basis, the adsorption capacity estimated from the Langmuir model 

and the converted Langmuir model was higher in nZVI (31.25 and 37.31 mg/g, respectively) than in SnZVI 

(19.16 and 19.53 mg/g, respectively). This agrees with the possession of a higher surface area per unit mass 

by nZVI (118.77 m2/g) than SnZVI (41.49 m2/g). However, an estimation of surface area-normalized 

adsorption capacity (qN, calculated using Eq. 143) showed a higher surface reactivity for SnZVI (0.46 and 

0.47 mg/m2, respectively) than nZVI (0.26 and 0.31 mg/m2).  

𝑞𝑁(𝑚𝑔/𝑚2) =
𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝑚𝑔/𝑔)

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 (𝑚2/𝑔)
                                                (14) 
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Figure 5. Modeling of adsorption of As to (a) nZVI, (b) SnZVI, and (c) soil (c) using (1) Langmuir isotherm 

and (2) converted Langmuir isotherm.  
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3.3.2. Freundlich isotherm 

As shown in Figure 6, the regression coefficients obtained from fitting the As adsorption data obtained for 

the three solid phases with the Freundlich model suggests the model is generally suitable (R2 > 0.9). The 

Freundlich isotherm is an empirical model for a heterogeneous surface. The parameter 
1

𝑛
 the Freundlich 

model (Eq. 4) is commonly used to evaluate adsorption intensity. Adsorption is favorable when 
1

𝑛
 < 1 and 

unfavorable when 
1

𝑛
  > 1. When 

1

𝑛
 = 1, the distribution between the two phases is independent of 

concentration 59. The 
1

𝑛
 values obtained for nZVI (0.3221) and SnZVI (0.1556) indicated favorable 

adsorption of As by the two nanoparticles. The parameter suggests that the adsorption of As by soil is 

however unfavorable (
1

𝑛
 = 1.1314). Moreover, based on the values of KF, the trend of adsorption capacity 

for the solid phases were SnZVI (9.24) > nZVI (7.16) >>> soil (0.012). 
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Figure 6. Modeling of adsorption of As to (a) nZVI, (b) SnZVI, and (c) soil (c) using Freundlich model 

 

3.3.3. Temkin isotherm 
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= 0.7937). The parameter, b, reflects the thermal effect of the adsorption process. The reaction is 

endothermic when b > 0 and exothermic if b < 0 60. The reaction energy obtained for nZVI (b = 20.291 
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y = 0.3221x + 1.9686

R² = 0.9483

0

1

2

3

4

2 3 4 5

ln
 q

e

log Ce

y = 0.1556x + 2.2235

R² = 0.9669

2.6

2.8

3.0

2 3 4 5

ln
 q

e

log Ce

y = 1.1314x - 1.9266

R² = 0.9229

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

1 1.5 2 2.5

ln
 q

e

log Ce

(c) 

(a) (b) 



 

 

23 

of As was endothermic for all the solid phases. This suggests that increase in temperature could increase 

the adsorption capacity of nZVI, SnZVI, and soil for As.  

 

 

 

Figure 7. Modeling of adsorption of As to (a) nZVI, (b) SnZVI, and (c) soil (c) using the Temkin isotherm 
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based on the Eq. 15 61: 

𝐸 (𝑘𝐽 𝑚𝑜𝑙⁄ ) =
1

√2𝛽
                                                                  (15) 

 

The value of E can be used to determine if adsorption is due to chemisorption (E > 8 kJ/mol), or 

physisorption (E < 8 kJ/mol) 62. The values of E obtained in this study (0.224 kJ/mol for nZVI; 0.250 kJ/mol 

for SnZVI; and 0.071 kJ/mol for soil) indicated that As was immobilized on the surface of nanoparticles 

and soil via physisorption (Figure 8). Similar to the trend obtained from the Langmuir models, the trend of 

qd, based on mass was nZVI (26.66 mg/g) > SnZVI (17.77 mg/g) >> soil (1.63 mg/g); but when compared 

using surface area normalized adsorption capacity, the trend was SnZVI (0.43 mg/m2) > soil (0.31 mg/m2) > 

nZVI (0.22 mg/m2) The correlation coefficients obtained for three adsorbents (R2 = 0.7018, 0.8730, 0.7178 

for nZVI, SnZVI, and soil, respectively) were lower than other models. Thus, the D-R model is less capable 

of describing As adsorption in this study. 
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Figure 8. Modeling of adsorption of As to (a) nZVI, (b) SnZVI, and (c) soil (c) using the D-R isotherm 
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and SnZVI could outcompete soil for As adsorption in pore water, due to their much higher adsorption 

capacity and affinity. More so, nZVI may exhibit a better As immobilization efficiency than SnZVI in pore 

water if both nanoparticles are present at the same mass concentration. 
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Table 3. The correlation coefficient and parameters obtained from the adsorption isotherm models 

Models Parameters 

Adsorbents 

nZVI SnZVI Soil 

Langmuir 

R2 0.8881 0.9624 0.9427 

KL 0.089 0.186 ND* 

qm (mg/g) 31.25 19.16 ND 

qN (mg/m2) 0.26 0.46 ND 

RL 0.26 0.22 ND 

Converted 

Langmuir 

R2 0.947 0.9977 0.1854 

KL 0.047 0.159 ND 

qm (mg/g) 37.31 19.53 ND 

qN (mg/m2) 0.31 0.47 ND 

RL 0.36 0.24 ND 

Freundlich 

R2 0.9483 0.9669 0.9229 

KF 7.16 9.24 0.012 

1/n 0.3221 0.1556 1.1314 

Temkin 

R2 0.8936 0.964 0.7937 

KT (L/g) 446 0.0009 93 

b (J/mol) 20291 6371 3638 

D-R 

R2 0.7018 0.873 0.7178 

qd (mg/g) 26.66 17.77 1.63 

β (mol2/J2) 1.00 × 10-5 8.00× 10-6 0.0001 

qN (mg/m2) 0.22 0.43 0.31 

E (kJ/mol) 0.224 0.250 0.071 

*ND: not determinable 
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3.4. Soil remediation with nanoparticles 

3.4.1. Effect of nZVI sulfidation 

As immobilization performance of nZVI and SnZVI in the soil was estimated by measuring the 

concentration of leachable As in soil 7 d after treatment with nanoparticles (Figure 9a). Compared with the 

untreated group, leachable As concentration decreased significantly in soils treated with 0.3%, 1%, and 5% 

nZVI (p = 0.0004, 0.0002, and 0.0002, respectively) and SnZVI (p = 0.0016, 0.0004, and 0.0002, 

respectively). As shown in Figure 9a, leachable As decreased to a larger extent when soil was treated with 

nZVI than when it was treated with SnZVI. Thus, sulfidation decreased the immobilization performance of 

nZVI, based on the 7 d remediation data. The immobilization efficiency was 93%, 98%, and 100% after 7 

d when soil was treated with as 0.3%, 1%, and 5% nZVI, respectively. For SnZVI-treated soil, As 

immobilization efficiency after 7 d was 68%, 85%, and 100%, respectively. Although the immobilization 

efficiency of SnZVI was significantly lower than that of nZVI when the nanoparticles dosage applied for 

soil treatment were 0.3% and 1% (p < 0.001), the immobilization of As was similar for nZVI and SnZVI at 

5% nanoparticle concentration. Thus, the first hypothesis of this study (that sulfidation improves the 

immobilization efficiency of nZVI for As) was rejected. 
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Figure 9. Remediation of soil contaminated with 50 ppm As by nZVI and SnZVI. (a) Leachable As 

concentration with and without nanoremediation after 7 d, (b) As immobilization efficiency at different 

nanoparticle dosage after 7 d. 

 

To understand the mechanisms of As immobilization, the crystal structure of Fe, As, and S in treated and 
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immobilization mechanism. For instance, a stronger peak at 2θ = 27° (assigned to FeAsO4) was detected in 

the SnZVI-treated soil, demonstrating that the sulfidation promoted the formation of ferrous arsenate.  

 

 

Figure 10. The XRD diffractograms of (a) nZVI- and (b) SnZVI-treated soil with and without As. 
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As shown in Figure 9a, only 37 ppm of As was leachable from untreated soil after 7 d, despite spiking it 

with 50 ppm of As. This confirms the adsorption studies that showed that the soil had some As 

immobilization capacity, howbeit, much lower than that of nZVI and SnZVI. Further investigation via XRD 

showed that components of soil could chemically bind to As. For instance, the peaks at 2θ = 43°, 60°, 67°, 

and 76° in Figure 11 were assigned to AlAsO4, showing the binding of As to Al (e.g. from alumina). In 

addition, reduced As, in form of As4O6 at (2θ = 21°, 28°, and 35°), was found in untreated contaminated 

soil. As(V) may have been reduced by the reducing chemical agents in soil or by bacterial transformation. 

 

 

Figure 11. The XRD diffractograms of soil with As 

 

Although no existing study has investigated the roles of sulfidation on nZVI’s immobilization performance 

in soil, sulfidation was found to hinder the release of dissolved Fe from the nanoparticle in the aqueous 
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system 33. The hinderance of nZVI dissolution also decreased the chances of co-precipitation (As-

Fe2O3/Fe3O4), which is one of the mechanisms of As remediation by nZVI 63. On the other hand, the 

sulfhydryl (-SH) group present in SnZVI increase the binding sites for heavy metals 33,64,65. Therefore, the 

ratio of S/Fe of SnZVI likely plays an essential role in the As immobilization performance of SnZVI. A 

recent study showed that when the theoretical S/Fe ratio increased from 0 to 0.07, the Cd immobilization 

efficiency of SnZVI in water showed a downward trend; but as the ratio increased from 0.07 to 0.28, the 

immobilization efficiency for Cd improved and exceeded that of pristine nZVI when S/Fe ≥ 0.21 33. In 

future studies, the impact of S/Fe ratio on the immobilization of As in soil should be investigated.  

 

3.4.2. Effect of treatment time 

In the presence of oxygen and water, nZVI is transformed (Eq. 16 and 17), which may impact its long-term 

effectiveness. In fact, it has been reported that the active duration of nZVI towards contaminants in 4-8 

weeks 66. Thus, the effect of time on the As immobilization performance of both nanoparticles was 

investigated. In this study, the effectiveness of nZVI and SnZVI was monitored for 16 weeks by measuring 

leachable As concentration on days 7, 28, 56, and 112 As shown in Figure 12, the concentration of leachable 

As in the untreated soil continuously decreased over time, in agreement with findings from the adsorption 

and XRD studies that showed that the soil had a immobilization effects on As. However, after 28 d, there 

was no further significant decrease of leachable As over time in untreated soil (p = 0.557 on day 56, and p 

= 0.086 on day 112), indicating that As binding sites on soil was saturated by Day 28. 

𝐹𝑒0 + 2𝐻2𝑂 → 𝐹𝑒2+ + 𝐻2 + 2𝑂𝐻−                                                    (16) 

2𝐹𝑒0 + 4𝐻+ + 𝑂2 → 2𝐹𝑒2+ + 2𝐻2𝑂                                                   (17) 
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In the 0.3% and 1% nZVI-treated soil, there was a significant increase in leachable As between days 7 and 

28 (p = 0.0007 and 0.0245, respectively), demonstrating remobilization of previously adsorbed As within 

this time period. The remobilization of As may be due to structural changes in nZVI due to aging, or the 

reduction of As(V) to As(III), which is more mobile in the environment (Figure 10a). Remobilization of As 

was not observed in the soil treated with 5% nZVI throughout the 16 weeks, indicating that high amounts 

of nZVI could be used to ensure immobilized As were not released later on. In contrast, the concentration 

of leachable As significantly decreased between days 7 and day 28 in contaminated soils treated with 0.3% 

(p = 0.0001) and 1% (p = 0.0025) SnZVI. The reasons may be due to the higher chemical stability of SnZVI 

and stronger binding due to the presence of -SH groups 33. Like in nZVI-treated soils, As immobilization 

efficiency in soils treated with 5% SnZVI was 100% throughout the study. Although the As immobilization 

efficiency of nZVI was superior to that of SnZVI on Day 7 when both were used at 0.3 and 1%, the 

discrepancy in immobilization efficiency of both nanoparticles decreased over time: Differences in the 

leachable As concentration between soils treated with nZVI and SnZVI at 0.3 and 1% decreased from 12.6 

and 6.4 ppm, respectively, on day 7 to 3.5 and 2.8 ppm, respectively, on day 112. In summary, SnZVI 

showed a slower immobilization kinetics compared to nZVI, but the remediation performances of both 

particles became more similar over time. 
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Figure 12. Leachable As concentration in soil over time change under aerobic conditions. 

 

3.4.3. Effect of aeration 

Since oxygen levels vary in soils, additional tests were performed to understand the impact of oxygen levels 

on As immobilization efficiencies of nZVI and SnZVI. Significantly lower immobilization efficiencies 

were observed in soils treated with 0.3 and 1% nZVI under aerobic conditions than soils treated with the 

same nanoparticle concentration under anoxic conditions except on day 7 (p = 0.070 and 0.177 for 0.3% 

and 1%, respectively) (Figure 13). This finding indicates that anoxic conditions are more favorable for As 

immobilization by nZVI in soil. The advantage of anoxic conditions for As immobilization may be due to 

the impact of oxygen on the chemical stability of nZVI (Eq. 17) and transformation reduces the particles’ 

binding sites 63. Although slight increases in immobilization efficiency was observed when As-

contaminated soils were treated with SnZVI under anoxic conditions, the difference in immobilization 
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efficiency between aerobic and anoxic conditions were only significant on day 112 (p = 0.011 for 0.3%) 

and 0.014 for 1% SnZVI). The lower impact of oxygen levels on the immobilization of As by SnZVI is 

likely due to the improved chemical stability imparted by sulfidation. It should be noted that the As 

immobilization efficiency obtained when soils were treated with 5% nZVI and SnZVI was not sensitive to 

oxygen conditions (Figure 13). 

 

  

 

Figure 13. As immobilization efficiency of (a) nZVI, and (b) SnZVI in soil under aerobic and anoxic 

conditions for 112 days 
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3.4.4. Modeling of As immobilization with ANN 

To predict the As immobilization efficiency of nZVI and SnZVI at different nanoparticle dosages, a new 

model was established using ANN. As shown in Figure 15, a new ANN function was accepted when the 

correlation coefficients between the target and output in training, validation, and test sections were higher 

than 0.95. Then, the immobilization efficiencies at different nanoparticle concentrations (51 equidistance 

points from 0% to 5%) were predicted using the new ANN function in MATLAB to obtain the plot shown 

in Figure 15a. The data was fitted with the model shown in Eq. 18 using Origin: 

𝐼𝑚𝑚𝑜𝑏𝑖𝑙𝑧𝑎𝑡𝑖𝑜𝑛 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (𝑦) = 𝑦0 − 𝐴 ∙ 𝑒−
𝑐

𝑡                                          (18) 

 

where y0 (%) is the maximum efficiency; A (%) is the amplitude of efficiency (that is, maximum – 

minimum); c represents the nanoparticle concentration (%); and t is the concentration correction coefficient. 
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Figure 14. The correlation between the target value and output value in training, validation, and testing 

sections, as well as a combination of all three. The input data was the raw data of nZVI treatment group at 

7 d. 
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Figure 15. Fitting of mathematical function to (a) artificial neural network predicted data, and (b) the raw 

data obtained from experiments.  

 

As shown in Figure 15 and Table 4, a high correlation coefficient (R2 > 0.99) was obtained when the 

mathematical function in Eq. 16 was fitted with both ANN predicted data and the data obtained from 

experiments. Additionally, the parameters’ values obtained from the predicted and raw dataset were very 

similar (relation deviation < 10%), demonstrating that ANN was successfully used to predict the 

immobilization of As by the nanoparticles, and Eq. 18 adequately describes the relationship between 

nanoparticle dosage and immobilization efficiency. Following this method, the immobilization efficiency 

obtained with different nanoparticles and times were also simulated (R2 > 0.90) as shown in Figure 16. 

Therefore, machine learning has an excellent potential for predicting soil remediation efficiency with nZVI 

and SnZVI. In future studies, more parameters, such as treatment time, soil properties, or nanoparticle 

properties (S/Fe ratio, surface area, etc.), could be appropriately varied to further use machine learning to 

predict the results of remediation based on the other variables. 

 

(a) (b) 

Nanoparticle concentration (%) Nanoparticle concentration (%) 

R2 = 0.99948 R2 = 0.99616 
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Table 4. Summary of the parameters obtained from fitting ANN and raw data (nZVI, day 7) to the 

function described in Eq. 18 

nZVI (1 week) y0 A t R2 

Prediction data (a) 99 73 0.12 0.99948 

Raw data (b) 100 68 0.13 0.99616 

Relative deviation 1% 7.4% 7.7% - 

 

Figure 16. Fitting of mathematical function to (a) artificial neural network predicted data, and (b) the raw 

data obtained from experiments to all the data obtained on days 7 and 28 
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3.5. Environmental effects of remediation 

3.5.1. Effect on soil pH 

The reactions of nZVI with water and dissolved oxygen generate hydroxide ions (OH-) (Eq. 16 and 17), 

which increase soil pH. Increase in soil pH may affect speciation of chemical, surface properties of soil and 

particles, and the survival of sensitive organisms. Therefore, the effect of treating soil with nZVI and SnZVI 

on soil pH was evaluated. As shown in Figure 17, adding 0.3% of nanoparticles significantly increased the 

soil pH after 7 days (p = 0.0000036 for nZVI and 0.0000316 for SnZVI). More impact was observed at 

higher nZVI concentrations. Sulfidation significantly negated change in soil pH at 0.3% (p = 0.003), 1% (p 

= 0.017) and 5% (p = 0.011) treatment dosage. The lower impact of SnZVI on pH is likely due to the higher 

hydrophobicity of SnZVI and its lower reactivity with oxygen, both resulting in decreased tendency to 

undergo the reactions leading to the generation of OH-. Additionally, the soil pH decreased after 28 days, 

which may be due to soil buffering effect, or the further hydrolysis of Fe2+/Fe3+ (Eq. 19 - 21), leading to 

reduction in soil pH. 

𝐹𝑒2+ + 2𝐻2𝑂 → 𝐹𝑒(𝑂𝐻)2 + 2𝐻+                                                      (19) 

𝐹𝑒3+ + 3𝐻2𝑂 → 𝐹𝑒(𝑂𝐻)3 + 3𝐻+                                                      (20) 

𝐻+ + 𝑂𝐻− → 𝐻2𝑂                                                                   (21) 
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Figure 17. As-contaminated soil pH after 7 and 28 days, with and without treatment with nZVI and SnZVI 

 

3.5.2. Effect on survival of E. fetida 

After the two weeks of acute toxicity test, the mortality of adult earthworms in control group was below 

10%, satisfying the requirement of the OECD 207 guideline. As shown in the data presented in Figure 18, 

the LC50 for E. fetida was 145.1 ± 17.8 ppm. Based on this information, it was clear that most of the worms 

could survive at the selected test concentration for the As immobilization tests (50 ppm). 
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Figure 18. The mortality of E. fetida at different As concentration. The LC50 was estimated as 145.1 ± 17.8 

ppm. 

 

The survival of E. fetida observed in the four-week toxicity study is shown in Figure 19. In the untreated 

soil, survival significantly decreased from 98% (in control group) to 60% after 28 d in the presence of 50 

ppm As (p = 0.0003). In general. the survival of E. fetida in As-contaminated soil decreased in the presence 

of nZVI. For instance, the addition of 1% nZVI caused all the earthworms to die within 7 d in the As-spiked 

soil (Figure 19a). Even at the lowest nZVI treatment concentration used in this study (0.3%), survival 

significantly decreased (p = 0.000073) from 60% (untreated soil) to 10% after 28 d, indicating that soil 

remediation with nZVI caused additional toxicity to earthworms. However, sulfidation decreased the 

mortality of E. fetida caused by nZVI. At 0.3 and 1% SnZVI treatment dosage, survival E. fetida was 73% 

and 0% after 28 d. Additionally, there was no significant difference in E. fetida survival between untreated 

As-contaminated soil and soil treated with 0.3% SnZVI (p = 0.177). Thus, the second hypothesis of this 

study (that sulfidation decreases the toxicity of nZVI) could not be rejected. 

LC50 
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To confirm that the increased mortality of E. fetida in As-contaminated soil upon nanoremediation was 

mainly due to the nanoparticles, additional toxicity studies were performed with uncontaminated soil (As 

= 0 ppm) treated with the same concentrations of both nanoparticles. In general, the survival of E. fetida 

was similar to what we observed when contaminated soil was treated with the nanoparticles. As shown in 

Figure 19b, all the earthworms died within 28 d in the presence of 1% nZVI and SnZVI. At 0.3% 

nanoparticles concentration, survival decreased significantly relative to control groups (p = 8.41 × 10-10 for 

nZVI and p = 0.0001 for SnZVI). However, sulfidation reduced the toxicity of nZVI to earthworms, as 

reported earlier. The average survival of E. fetida exposed to 0.3% SnZVI (68%) after 28 d was significantly 

higher (p = 0.00000219) than those exposed to 0.3% nZVI (10%). In addition, the mortality rate was slower 

in the 1% SnZVI exposed group than the 1% nZVI group (where survival was 0% within 7 d). The toxicity 

of nZVI and SnZVI may originate from changes in soil properties (such as pH), increase in soil Fe2+/Fe3+ 

(due to dissolution and precipitation), and reactive oxygen species (ROS) generation by the nanoparticles 

67,68. Increased survival when soil was treated with SnZVI may be due to lower changes in soil pH 

(Figure16), less Fe2+/Fe3+ due to slower dissolution, and less ROS-induced oxidative stress due to higher 

chemical stability 41. 
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Figure 19. Average survival of E. fetida in the presence of 0, 0.3, and 1% nZVI and SnZVI in the (a) 

presence of 50 ppm, and (b) absence of As. The average survival of control group (no As and no 

nanoparticle) and nanoparticle control group (50 ppm As and no nanoparticle) were also shown for 

comparison. 

 

In general, the average bodyweight of E. fetida in the nZVI-treatment and SnZVI-treatment groups (with 

or without As) decreased over 28 d, but significant difference in bodyweight was only found between the 

untreated group and SnZVI-treated group (p = 0.00006 with As and p = 0.002 without As). There was no 

significant difference between the change in weight of the control group and those kept in 50 ppm As-

contaminated soil without treatment (p = 0.332), (2) those treated with 0.3% nZVI (p = 0.413). Also, there 

was no significant difference in the weight of live earthworms exposed to 0.3% nZVI and SnZVI (p = 

0.074). The loss of biomass may be due to increased toxicity from As(III), which was produced in the 

presence of the nanoparticles (Figure 10), toxic effects of the nanoparticles themselves affecting 

earthworms growth and metabolism, or adsorption of nutrients to nanoparticles 69,68. The specific reason 

(a) (b) 
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for decreased E. fetida biomass needs further studies. 

 

  

Figure 20. Change in E. fetida biomass in in soil treated with or without As and nanoparticles for 28 d. The 

initial weight percentage is the weight after 28 d divided by the initial weight. The concentration of As was 

50 ppm, and the concentration of both nanoparticles was 0.3%. The control group was not treated with 

nanoparticles 

 

3.5.3. Effect of pH on earthworm survival 

During the 28 d toxicity test, a strong correlation (R2 = 0.79) was observed between soil pH and E. fetida 

survival (Figure 21a). Thus, an additional toxicity test was set up to verify if increase in pH in the presence 

of the nanoparticles caused the increase in E. fetida mortality. Based on the results shown in Figure 21b, 

only 20% mortality was observed after 28 d when the soil pH was 8 soil. However, the mortality of E. fetida 

reached 90% and 100% after 28 d when soil was treated with 0.3% (pH = 7.41) and 1% (pH = 7.70) of 

nZVI, respectively (Figure 16), The wide discrepancy shows that while increased pH may decrease the 

survival of E. fetida, it is likely not the primary cause of mortality. 
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Figure 21. (a) Correlation between soil pH (in the presence of nanoparticles) and 28 d survival of E. fetida; 

(b) 28 d survival of E. fetida at different soil pH in the absence of nanoparticles.  

 

3.6. As bioaccumulation by E. fetida 

As has bioaccumulation and biomagnification effects, which is significant in that E. fetida serves as food 

source for higher organisms such as birds and moles 70. As the results shown in (Figure 22), the average 

body burden of As in E. fetida kept in untreated As-spiked soil for 28 d was 1383 mg/kg (ppm) d.w., with 

BAF of 27.7 kg soil/kg earthworm. However, treatment of As-contaminated soil with 0.3% nZVI and 

SnZVI, significantly decreased the As concentration in E. fetida tissues to 130 ppm (p = 0.010) and 266 

ppm (p = 0.012), respectively. The BAF decreased to 2.6 (p = 0.012) and 5.3 (p = 0.014), in the 0.3% nZVI- 

and SnZVI-treated groups, respectively. There was no significant difference in tissue As concentration in 

E. fetida grown in nZVI-treated soil and SnZVI-treated soil (p = 0.364). These results reveal that although 

treatment of As-contaminated soil with nZVI and SnZVI may lead to lower survival of E. fetida, the 

nanoparticles decrease the bioavailability of As in soil, which is important for decreasing bioaccumulation 

of As up the food chain. Overall, SnZVI exhibited a much lower mortality to E. fetida compared to nZVI; 
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and yielded a statistically similar decrease in As bioaccumulation by the organism, making SnZVI a more 

sustainable option (than nZVI) for As immobilization. 

 

 

Figure 22 The As concentration (a) in earthworm bodies (dry weight) and BAF values (b) 
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4. Conclusions 

The impact of sulfidation of nZVI on As immobilization performance in soil and its sustainability during 

remediation was evaluated in this study. Adsorption isotherm experiments conducted in aqueous media 

showed that nZVI and SnZVI can immobilized As via physisorption. On mass basis, sulfidation decreased 

the adsorption capacity for As from 31.25 mg/g (in nZVI) to 19.16 mg/g (in SnZVI). However, when the 

surface area per unit mass of each nanoparticle was considered, sulfidation actually improved the reactivity 

of nZVI, with As immobilization capacity increasing from 0.26 mg/m2 to 0.46 mg/m2. Soil immobilization 

efficiency studies revealed that 0.3% and 1% SnZVI has a lower immobilization efficiency for As than 

nZVI after 7 d. However, the immobilization efficiency of nZVI and SnZVI in soil became more similar 

over time, indicating that sulfidation decreased the reaction kinetic but not necessarily the adsorption 

capacity. Further comparison in aerobic and anoxic conditions demonstrated that high oxygen content led 

to nZVI corrosion and decreased immobilization performance. However, high oxygen content impacted the 

immobilization performance of SnZVI much less than that of nZVI. In addition to adsorption, XRD analysis 

provided proof for reduction of As(V) to As(III) by both nanoparticles, and co-precipitation of As with 

oxides of Fe. 

 

Although both nZVI and SnZVI immobilized As in soil, the survival of E. fetida decreased in the presence 

of the nanoparticles at all treatment concentrations tested. However, sulfidation decreased the lethal effects 

of nZVI to E. fetida, providing an opportunity to further decrease the toxicity of nZVI by further tuning the 

S/Fe ratio. Treatment of As-contaminated soil with 0.3% SnZVI yielded a higher survival (73%) than with 

no treatment (60%) or treatment with nZVI (≤ 10%), demonstrating that treatment with SnZVI is a more 
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sustainable option nZVI. Although increase in pH partly explains the toxicity of the nanoparticles to E. 

fetida, higher pH was not the main cause of mortality. Other possible reasons for toxicity may be increased 

Fe concentration in soil, decreased availability of nutrients, and increased oxidative stress due to the 

activities of the nanoparticles.  

 

This study shows that sulfidation can decrease the ecotoxicity of nZVI while not impacting its efficacy for 

soil remediation significantly. There is an opportunity to further change the S/Fe ratio of SnZVI to explore 

the potential for increased remediation performance while further decreasing its negative environmental 

effects. Future work should further probe the mechanism of nZVI and SnZVI immobilization of As in soil, 

particularly over a long time and under different soil conditions. In addition, the causes of the E. fetida 

death and weight change need further investigation.   
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